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Abstract . 
A series of studies of the effects of solutes which appear 
in natural aqueous environments, specifically Mg and c11, under 
controlled conditions, permit characterization of t h e  retardation 
of silicate glass leaching in w a t e r  containing such solutes. In 
the case of Mg the interaction with the glass appears to consist 
of exchange w i t h  alkali ions present in the glass t o  a depth of 
several microns. The effect of A1 can be observed at m u c h  lower 
levels, indicating that the mechanism in the ca.se 5f 61 involves 
irreversible fr?rmatian af aluminosilicate species at the glass 
surf ace. 
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I .  Leach  S t u d i e s  
GENERAL 
The e x p e r i m e n t a l  p rog ram d e s c r i b e d  be low w a s  d e s i g n e d  t o  
c h a r a c t e r i z e  t h e  e f f e c t s  of s o l u t e s  common i n  n a t u r a l  w a t e r  
e n v i r o n m e n t s ,  i n  p a r t i c u l a r  Mg a n d  A l ,  on  t h e  d u r a b i l i t y  of  
s i l i c a t e  g l a s s e s  e x p o s e d  t o  such e n v i r o n m e n t s .  TWG t y p e s  of 
e x p e r i m e n t s  w e r e  i n c l u d e d  i n  t h e  program.  The f i r s t  c o n s i c , t e d  o f  
e x p o s i n g  a g l a s s  t o  a n  aqueous medium c o n t a i n i n g  a d e s i r e d  l e v e l  
of Mg and  A i  and  r e p l a c i n g  t h e  l e a c h a t e  a t  s p e c i f i e d  t i m e  
i n t e r v a l s  w i t h  t h e  same volume of f r e s h  l e a c h a n t .  T h i s  type  of 
e x p e r i m e n t  is e x p e c t e d  t o  s i m u l a t e  t h e  a c t u a l  lor ig- term b e h a v i o r  
of  g l a s s  e x p o s e d  t o  f l o w i n g  w a t e r ,  e . g .  i n  a sub- seabed  or 
terrestrial p o r o u s  rock f o r m a t i o n .  The s e c o n d  t y p e  of e x p e r i m e n t  
w a s  b a s e d  on p r e - t r e a t m e n t  of  t h e  g l a s s  w i t h  Mg or A 1  s o l u t i o n s  
f o l l o w e d  by t e s t i n g  of  its d u r a b i l i t y  i n  d e - i o n i z e d  w a t e r  or 
b u f f e r e d  s o l u t i o n s  i n  t h e  a b s e n c e ,  o f  s o l u t e s ,  i n  o r d e r  t o  o b t a i n  
an  i m m e d i a t e  i n d i c a t i o n  of  the e f f e c t s  o+ Mg and A 1  on t h e  
s u b s e q u e n t  r e a c t i v i t y  o f  t h e  g l a s s  s u r f a c e  sites. I n  both sets 
of  e x p p - i m e n t s  d e - i o n i z e d  w a t e r  de, w e l l  as b u f f e r e d  s o l u t i o n s  
w e r e  used a s  l e a c h i n g  media ;  t h e  la t ter  w i t h  a v i e w  t o  s e p a r a t i n g  
s o l u t e  e f : f e c t s  on g l a s s  d u r a b i l i t y  f r o m  pH e f f e c t s .  
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EXPERIMENTAL PROCEDURES AND RESULTS 
CS. Rep1 eni shmen t  Ex p e r  i ment 5 
1. L e a c h i n g  of SGdd-L ime  G l a s s  i n  U n b u f f e r e d  Mg s o l u t i o n s  
E x p e r i m e n t  d e s i g n a t i o n :  5092/89/85/86/87/88 
L e a c h a n t s :  0, 1.2, 4 ,  13, 40, 4 0 0  mg/L Mq i n  d e - i o n i z e d  w a t e r  
G l a s s :  Soda - l ime  ( T a b l e  1) 
S a m p l e  geomet ry :  W a f e r s  
S/V: 20 m-' 1 8  cm2/40 m L )  
T e m p e r a t u r e :  90 C 
L e a c h a n t  e x c h a n g e  + r e q u e n c y :  D a i l y  f o r  t h e  f i r s t  3 d a y s ,  t w i c e  
X n i t i a t i o n  date: March 23, 1988 
( i n t r o d u c e d  as MgC17 + MgSO,) 
w e e k l y  for  1 w e e k ,  w e e k l y  f o r  12 w e e k s ,  m o n t h l y  t h e r e a f t e r .  
The l e a c h a t e  c o m p o s i t i o n s  a t  t h e  e n d  of t h e  6th  m o n t h l y  e x p o s u r e  
p e r i o d  ( d a y s  245-2621 are g i v e n  i n  Table 2. The d e p e n d E n c e  o+ Si 
l e a c h a t e  c a n r e n t r a t i o n s  on  t i m e  i s  shown i n  Figure 1. 
2. L e a c h i n g  of Pyrex  B o r c r s i  1 i cate G 1  ass i r Eora te-Euf  f e r e d  Mg 
S o l u t i o n s  
E x p e r i  ment  d e s i  gnati on: 5121 / 1221 123/ 124  
L e a c h a n t :  0 ,  0.1, 1 ,  10 mg/L Mg i n  0.04 M pH 8.1 
T r i 5  ( h y d r o x y m e t h y l l  aminomethane  b u f f e r  iMg i n t r o d u c e  a5 
Mg ( N 0 S ) z : i  
G l a s s :  P y r e x  iTattle 1)  
Sample  geomet ry :  -40+60 mesh (250-355 m i c r o n s )  powder  
S/V: 290 m-x ( 0 . 3  g or 87 c m z . i ' 3 0  mL) 
T e m p e r a t u r e :  90 C 
L e a c h a n t  e x c h a n g e  +requency: Daily f o r  2 d a y s ;  t w i c e  w e e k l y  +ai- 
I n i t i a t i o n  d a t e :  October 1 9 ,  1388 
l w e e k ;  weekly  t h e r e a f t e r .  
The l e a c h a t e  c o m p o s i t i o n s  a t  t h e  end  of t h e  1 2 t h  w e e k l y  e x p o s u r e  
p e r i o d  ( d a y s  35-92! a re  g i v e n  i n  T a b l e  3. 
3. L e a c h i n q  of Soda-Lime G l a s s  i n  B u f f e r e d  A 1  S o l u t i o n s  
E x p e r i  m e n t a l  32esi q n a t i  aft: S13011 Z l  i132/ 133/ 134 
L e a c h a n t :  Z.34 5 pH 3.5  CAPS f 3 - c y c l o h e x y ~ a m i n o - l - p r o p a n e -  
G l a s s :  Soda-lime !Table 1) 
S a m p l e  geomet ry :  -40+&0 mesh (250-355 m i c r o n )  powder 
W V :  290 m - l  (0-9 CJ or 87 c m 2 / 3 0  mL) 
T e m p e r a t u r e :  90 C 
L e a c h a n t  e x c h a n g e  f r e q u e n c y :  Weekly 
I n i t i a t i o n  date: December 28, 178B 
s u l f o n i c  acid) kgu+fer ( A 1  introduced as  A1 <NO3)=) 
The l e a c h a r i t  c a m p a s i t i o n s  a t  the end  o f  t h e  b t h  w e e k l y  e x p o s u r e  
p e r i o d  ( d a y s  Z5-42:) are g i v e n  i n  T a b l e  4. 
c J
8. P r e - t r e a t m e n  t Ex p e r  i m e n t s  
E x p e r i m e n t a l  d e s i g n a t i o n :  MCIM 0 ,  5.5, 8.1 
Pr e-tr eat  men t : 
(i  i None 
( i i )  18 m g / L  Mg (as Mg(NOs),) in 1.0 M pH 5.5 
t r is  b u f f e r ,  3.5 g of gla55 r o l l e d  i n  200 mL of s c r l u t i o n  
for 3 days a t  25 C ,  f i l t e r e d ,  r i n s e d  w i t h  60 mL ctf w a t e r ,  
a n d  d r i e d  i n  a d e s s i c a t o r  
( i i i )  S i m i l a r  t o  ( i i ) ,  Mg s a l u t i o n  b u f f e r e d  w i t h  t r i s  (1.0 M I  
a t  pH 8.1. 
G l a s s e s :  F u s e d  q u a r t z ,  Fyrex  t e rms i l i ca t e ,  sctda-lime, 
Savannah  R i v e r  L a b o r a t o r y  T D S - 1 3 1 ,  W e s t  V a l l e y /  P a c i f i c  
FJnlrthwest L a b o r a t o r y  WV-2@5 ( T a b l e  11 
Leach  t e s t i n g :  
L e a c h a n t :  De- ion ized  w a t e r  
Sample  geomet ry :  -170+238 mesh (63-30 micrgn!  
S/V: 959 m-I (0.5 9 or 172 c m 2 / 2 p j  m L j  
T e m p e r a t u r e :  25 C 
D u r a t i o n :  1 hour 
D a t e :  J a n u a r y  19, 1989 
The c o m p o s i t i o n s  af the s p e n t  p r e - t r e a t m e n t  s o l u t i o n s  are g i v e n  
i n  T a b l e  5. The l e a c h a t e  c o m p o s i t i o n s  of t h e  s p e n t  p r e - t r e a t m e n t  
s a l i i t i a n s  a re  g i v e n  i n  Table  6 .  
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LEACH D6TA AND EOUIVALENT LGYER THICKNESS 
The d a t a  o b t a i n e d  i n  t h e  v a r i o u s  l e a c h  e x p e r i m e n t s  w e r e  
processed i n  o r d e r  t o  o b t a i n  a q u a n t i t a t i v e  p i c t u r e  o f  t h e  
m o d i f i c a t i o n  o f  t h e  g l a s s  s u r f a c e  w i t h  M 3  or 61 t h r o u g h  s o r p t i o n  
or i o n  e x c h a n g e  a= a f u n c t i o n  of t i m e  ar;d its c o r r e l a t i o n  with 
t h e  e v o l u t i o n  o+ l o n g - t e r m  l e a c h  rates.  T h e  p r o c e s s  is i l l u -  
s t r a t e d  i n  t h e  case of  soda-lime g l a s s  i n  u n b u f f e r e d  M g  s o l u t i o n s  
( S e c t i o n s  A. 1 a b o v e ) .  First, t h e  amcrunt of  a l k a l i s  (Na+K) 
l e a c h e d  i n  t e r m s  of e q u i v a l e n t  t h i c k n e s s  (based on  t h e  d e n s i t y  of  
a lka l i  o x i d e s  i n  t h e  s r i g i n a l  g l a s s )  was p l o t t e d  a s  a f u n c t i c r n  of 
t i m e ,  ac, i l l u s t r a t e d  for  t h e  CasE G+ the 40 mgiL Mg l e a c h a n t  i n  
F i g u r e  2. The c o r r e s p o n d i n g  a c c u m u l a t i o n  o f  Mg i n  t h e  g l a s s  
s u r f a c e ,  a s suming  t he  d e n s i t y  o f  sites s u E . c e p t i b l e  t o  Mg b i n d i n g  
t o  b e  t h e  d e n s i t y  of sites o r i g i n a l l y  o c c u p i e d  b y  a l k a l i s ,  is 
shown i n  F i g u r e  3. T h e  r e s u l t i n g  s c i r p t i o n  or E x c h a n g e  i s o t h e r m  
fo r  Mg a c c u m u l a t i o n  i n  t h e  glass s u r f a c e  a s  a f u n c t i o n  of  t h e  
c u m u l a t i v e  c o n c e n t r a t i o n  a+ Mg i n  t h e  aqueous phase is i l l u -  
s t r a t e d  i n  F i g u r e  4. The c h a n g i n g  l e a c h  r a t e s  of t h e  g l a s s  
( b a s e d  on Si) w i t h  t i m e  a s  Mg r e p l a c e s  a l k a l i  s p e c i e s  are shown 
i n  F i g u r e  5 for the 4 m g i L  M g  l e a c h a n t  and i n  F i g u r e  6 f o r  t h e  40 
mg/L Mg l e a c h a n t .  The s a m e  l e a c h  r a t ec  are  Shawn a s  explicit 
f u n c t i o n s  of t h e  a m a u n t  o f  Mg a c c u m u l a t e d  i n  t h e  g l a s s  s u r f a c e  i n  
Figures 9 and 10. 
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MG AND A L  SORPTION: EFFECTS ON GLASS LEACHIBILITY 
The  e x p e r i m e n t s  d e s c r i b e d  i n  t h e  p r e s e n t  r e p o r t  d e m o n s t r a t e  
t h a t  a t t e n u a t i o n  o f  s i l i c a t e  g l a s s  l e a c h i n g  t a k e s  p l a c e  i n  s i m p l e  
s o l u t i o n s  c o n t a i n i n g  Mg a n d  A 1 .  The  u s e  o f  s i m p l e  matr ices  makes  
i t  p o s s i b l e  t o  q u a n t i f y  t h e  e f f e c t s  o f  Mg a n d  A 1  m a r e  e a s i l y ,  and 
t h u s  f o r m  a b a s i s  f a r  i n t e r p r e t a t i o n  of t h e  l e a c h  b e h a v i o r  o f  
g l a s s e s  i n  more c o m p l i c a t e d  media s u c h  as sea-water a n d  g r o u n d -  
water. 
The  r e s u l t s  c+ e x p o s u r e  of SGda-l ime g l a s s  s a m p l e s  t o  
v a r i o u s  c o n c e n t r a t i o n s  of Mg (see T a b l e  21, taken a t  t h e  e n d  o!: 
t h e  b t h  m o n t h l y  e x c h a n g e  i n t e r v a l ,  i n d i c a t e  t h a t  a l a r g e  d r o p  in 
l e a c h  rates o c c u r s  as t h e  c o n c e n t r a t i o n  of  Mg i n  t h e  l e a c h a n t  is 
r a i s e d  f r o m  4 t o  40 rngiL .  I t  is f u r t h e r m o r e  o b s e r v e d  t h a t  Ever 
t h e  l b w  M g  r a n g e  a l l  t h e  Mg i n  t h e  l e a c h a n t  is still removed by 
c c r n t a c t  w i t h  t h e  g l a s s ,  but a t  c o n c e n t r a t i o n  o f  40 mg/t  Mg t h e  
b u l k  of t h e  Mg ir; t h e  l e a c h a n t  r e m a i n s  i n  t h e  a q u e o u s  p h a s e ,  
i n d i c a t i n g  t h a t  t h e  g l a s s  s u r f a c e  i n  t h e s e  cases h a s  become 
s a t u r a t e d  with r e s p e c t  t o  f u r t h e r  Mg u p t a k e .  I t  s h o u l d  be n o t e d  
t h a t ,  35. documented  i n  F ig .  1, t h e  s h a r p  b r e a k  i n  t h e  e x t e n t  ar 
rate o f  Si d i s s o l u t i o n  does n o t  o c c u r  a t  t h e  s a m e  Mg c o n c e n -  
traticln t h r n u g b a u t  the d u r a t i o n  a+ the l e a c h  tests. T h i 5  is a l s s  
e v i d e n t  i n  t h e  ca5e where Si l e a c h  rates, r a t h e r  t h a n  Si c o n c e n -  
t r a t i o n s  ir: t h e  le.3chates, are F i D t t E d  a ~ .  a + u r . c t i D r t  of time 
( F i g s .  5-61. T h i s  i n d i c a t e s  t h a t  t h e  ra te  of surface a l t e r a t i o n  
w i t h  M5 depends on t h e  c o n c e n t r a t i o n  of Mg i n  t h e  m o d i f y i n g  
m e d  i urn. T h i s  o b s e r v a t i a n  is c o m p a t i b l e  w i t h  t h e  p r e v i o u s  
f i n d i n g ,  v i z .  t h a t  in t h e  case o+ iower Mg c o n c e n t r a t i o n s  Mg 
u p t a k e  b y  t h e  g l a s s  is  l i m i t e d  b y  d e p l e t i o n  of Mg i n  t h e  l e a c h a n t  
'> 
i 
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d u r i n g  e x p o s u r e .  The data i n  F i g .  4 show t h e  p r o g r e s s i v e  
increase  i n  Mg u p t a k e  by t h e  g l a s s  w i t h  i n c r e a s i n g  c u m u l a t i v e  
amount  of  t h e  Mg coming in c o n t a c t  w i t h  t h e  g l a s s  d u e  t o  con-  
s e c u t i v e  l e a c h a n t  r e p l e n i s h m e n t s .  Figs. .  7 a n d  a show t h a t  when 
Si l e a c h  ra tes  are  p l o t t e d  as a f u n c t i o n  of c u m u l a t i v e  Mg u p t a k e  
r a t h e r  t h a n  t i m e  t h e  o b s e r v e d  d e p e n d e n c e  is s i m i l a r  i n  t h e  cases 
of high-Mg (40 mg/L) a n d  low-Mg I4 m g / L )  l e a c h a n t s ,  r e s p e c t i v e l y .  
The uptake a f  Mg b y  t h e  g l a s s  c a n  take place t h r o u g h  i o n  
e x c h a n g e  with a l k a l i s  in t h e  g l a s s  s u r + a c e  or t h r o u g h  s o r p t i o f i  on 
the  s u r f a c e .  A- L ~ c r r d i n g  - t o  t h e  d a t a  i n  F igs ; .  4 and 5, t h e  amDunt 
o f  Mg a b s o r b e d  a v e r  a given p e r i o d  of t i m e  is w i t h i n  a f a c t o r  of 
2 a+ t h e  amount  of a l k a l i  l e a c h e d  out. This c o r r e l a t i o n  i n d i -  
c a t e s  t h a t  t h e  major p a t h w a y  f a r  Mg u p t a k e  by t h e  g l a s s  i n v o l v e s  
i a n  e x c h a n g e  w i t h  a lka l i  i o n s  l e a c h e d  o u t  a f  t h e  glass. Dver a 
p e r i o d  of 100 d a y s  a t  90 C t h e  e q u i v a l e n t  d e p t h  o f  t h e  exchanged  
l a y e r  r e a c h e s  a b o u t  3.5-4 m i c r o n s  (see F i g .  3 ) .  A c r o r d i n g  t o  
Figs. 7-8, o n c e  t h i s  d e p t h  is  r e a c h e d  t h e  d i s s o l u t i o n  r a t e  of t h e  
glass, b a s e d  a n  Si, its m a j o r  m a t r i x  e l e m e n t ,  d rops  s h a r p l y .  
Ofi t h e  o t h e r  h a n d ,  i f  i t  is assumed t h a t  Mg u p t a k e  on  t h e  
glass surface p r o c e e d s  t h r o u g h  a d s o r p t i o n  on t h e  o u t e r  g l a s s  
sur-+ace, and  t h a t  e a c h  s i l i c a t e  s i t e  on this surface can a d s e r b  a 
number a+ l a y e r s  nf Mg i o n 5 ,  t h e  t h i c k c e s s  of t h e  sorbed Plg l a y e r  
c o v e r i n g  t h e  outer s u r f a c e  o+ t h e  glass can b e  c a l c u l a t e d  ti3 be 
appro>: i m a t e l  y 1.5 mi c r o n 5 .  T h i s  t h i c k n e s s  corresponds tr, .a 
s c e n a r i o  of a c c u m u l a t i a n  of t h o u s a n d s  o f  l a y e r s  of Mg ions an 
e a c h  s i l i c a t e  sites which is- much 1es.z l i k e l y  t h a n  t h a t  af 
Mg/al kal i exchange .  
I 
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The r e s u l t s  o b t a i n e d  i n  t h e  l e a c h  e x p e r i m e n t s  on  Pyrex  
b o r o s i l i c a t e  g l a s s e s  i n  b u f f e r e d  Mg s o l u t i o n s  (see S e c t i o n  4.2 
and T a b l e  3 )  g e n e r a l l y  a g r e e  w i t h  t h e  r e s u l t s  o b t a i n e d  for s o d a -  
l i m e  g l a s s .  A s i g n i f i c a n t  drop i n  Si l e a c h i n g  is o b s e r v e d  a t  t h e  
e n d  of  12 w e e k s  when Mg l e v e l s  i n  t h e  l e a c h a n t  are r a i s e d  f r - a m  0- 
1 t o  10 m g i L .  L a r g e r  d i f f e r e n c e s  among t h e  l e a c h  r a t e s  i n  
l e a c h a n t s  w i t h  d i f f e r e n t  Mg c o n c e n t r a t i o n s  m a y  d e v e l o p  as the 
e x p e r i m e n t  c o n t i n u e s .  
T h e  r e s u l t s  o b t a i n e d  i n  t h e  l e a c h  e x p e r i m e n t s  o n  s o d a - l i m e  
g l a s s e s  i n  b u f f e r e d  A1 s o l u t i o n s  !see S e c t i o n s  k . 3  a n d  T a b l e  4 )  
a g a i n  shew a s h a r p  d r o p  i n  51 l e a c h i n g  beyond a c e r t a i n  l e ~ ~ l  of 
' 
s o l u t e ,  i n  t h i s  case 61, i n  t h e  l e a c h a n t .  However,  i n  t h e  case 
o f  A 1  t h e  t h r e s h d d  l eve l  for the a t t e n u a t i o n  of  l e a c h i n g  is much 
l o w e r  than t h e  c o r r e s p o n d i n g  l e v e l  i n  t h e  case Df Mg. T h i s  
i n d i c a t e s  t h a t  i n  t h e  case of A 1  t h e  mechanism o f  s u r f a c e  
m c r d i f  i c a t i o n  may i n v o l v e  i r r e v e r s i b l e  c h e m i s o r p t i o n  a n d  a lumino-  
s i l i c a t e  g r o u p  f o r m a t i o n  r a t h e r  t h a n  r e v e r s i b l e  i o n  e x c h a n g e  w i t h  
a l k a l i s .  I n  p r a c t i c a l  t e r m s ,  s m a l l  a m o u n t s  of A l  i n  t h e  a q u e u u s  
p h a s e  are much more e f f e c t i v e  i n  r e t a r d i n g  g l a s s  c o r t - a s i o n  t h a n  
c o r r e s p o n d i n g  l e v e l s  of Mg. F u r t h e r  e x p e r i m e n t s  w i t h  l e a c h a n t s  
c o n t a i n i n g  Al are i n  progress. 
T ~ E  Exper imentz .  i n v o l v i n i i  l e a c h i n g  i n  d e - i o n i i e d  water 
( T a b l e  63 crf v a r i o u s  glasses p r e v i o u s l y  p r e - t r e a t e d  w i t h  Mg 
s o l u t i o n s  show t h a t  such p r e - t r e a t m E n t ,  tao,  c a n  lead t o  h i g h e r  
leacb r e s i s t a n c e .  A n a l y s i s  o+ t h e  spent p r e - t r e a t m e n t  s o l u t i o n s  
s h o w s  n c  s i g n i f i c a n t  d i f f e r e n c e r  be tween  t h e  e x t e n t  of  Mgt 'a lkal i  
e x c h a n g e  a t  pH 5.5 and at pH 8 . 1 ,  r e = - p e r t i v e l y ,  a l t h o u g h  t h e  
s o l u b i l i t y  of Mg is much higher a t  t h e  f o r m e r  pH. Cor re spon-  
i 
i 
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dingly, there is no significant difference between the effects of 
pre-treatment with Mg at pH 5.5 and at pH 8.1,  respectively, on 
the leach resistance of t h e  tested glasses. In general, the pre- 
treatment with Mg at either one of these pH levels results in a 
reduction at the subsequent leach rate af the glasses in de- 
ionized H a t e r  by a factor of approximately 3. The only exception 
is the case a+ fused quartz, w h e r e  treatment with Mg at pH 8.1 is 
observed tu be much more effective in reducing Si leach rates 
than a similar treatment at pH 5.5. In the case of +used silica 
the number af  sites occupied by alkalis and available for 
exchange irrizh I Y ~  ions is very small. 6% a rpsult, chemiE.arptian 
and the formation of distinct Mg silicate surface species may 
have higher relative importance in this case, where the higher 
effectiveness of pre-treatment at a higher- pH can be attributed 
tu the greater stability and lower solubility of M3 silicate 
species at higher pH levels. 
In conclusi~n, the marked beneiicial effects of  Mg and A i  in 
the aqueous phase an the leach behavior af glasses can be 
generally attributed to mechanisms involving ion exchange <except 
in cases of very l a w  alkali glassesi of Mg or chemisorption and 
ai r_imti nosi f i cste formati on with A1 . Experiments leading to 
qua=-: i tati ve rhararteri z ati on of these phenomena are continuing , 
prctc~sses in the presence of alkalis in the solution. Experi- 
ments in buffered media are emphasized in order to separate 
s a l u t e  ei.fect5 from pH effects. In particular, experiments in 
buffered media are candircted to rule aut significant specific 
\ 
, 3 1  
e f f e c t s  of t h e  pH b u f f e r s  u s e d  i n  t h e  l e a c h  s t u d i e s  and  p e r m i t  
c h a r a c t e r i z a t i o n  of the  role of  t h e  s o l u t e s  of  i n t e r e s t .  
1 1 .  S u r f a c e  S t u d i e s  
The  Eur-facES of  g l a s s e s  l e a c h e d  i n  a q u e o u s  e n v i r o n m e n t s  w i t h  
a5 w e l l  as w i t h o u t  t h e  p r e s e n c e  o f  Mg2+ w e r e  s t u d i e d  u s i n g  art 
SEM/EDX a t  t h e  U n i t e d  S t a t e s  G e o l o g i c a l  S u r v e y  i n  H e s t o n ,  VA. 
The  r e s u l t r  shown i n  T a b l e  7 r e p r e s e n t  s u r f a c e  a n d  b u l k  composi -  
t i o n s  o f  scrda-lime g l a s s e s  l e a c h e d  i n  Mg-con ta in ing  a n d  Mg-free 
m e d i a ,  respectively. I n  e x p e r i m e n t  Fr ~ - c K P  s o d a - l i m e  g l a s s  wafer 
!see f ab le  1 1  was. l e a c h e d  i n  t h e  p-Es.enCe af 1.2 g of -40+68 mesh 
125@-355 m i c r o n s )  o+ powder p r e p a r e d  from t h e  s a m e  g l a s s  in 40 m t  
of  0.81 M TRIS b u f f e r  s o l u t i o n  a t  98 C. The l e a c h a n t  w a s  
e x c h a n g e d  on  days. 1,  2 ,  3, 6 ,  10, 14, 21 a n d  28 af t h e  tes t ,  and  
t h e n  t h e  g l a s s  w a f e r  w a 5  r emoved ,  r i n s e d  q u i c k l y  w i t h  d e - i o n i z e d  
w a t e r ,  a i r - d r i e d ,  and  mounted i n  e p a x y  r e s i n  f o r  t h e  SEM/EDX 
measuremen t s .  Expe r imen t  E w a s  i d e n t i c a l  w i t h  E s p e r i m e n t  A ,  b u t  
t h e  l e a c h a r i t  i n  t h i s  case also c o n t a i n e d  1.6 rng/L Mg, i n t r o d u c e d  
as MgiNCki,. The c o m p o s i t i o n s  of Each of t h e  t w o  l e a c h e d  g l a s s e s  
w e r e  d e t e r m i n e d  i n  t h e  s u r f a c e  r e g i o n  ( a p p r o x i m a t e l y  3 m i c r o n s  
f r o m  the nuter g l a ~ , ~ . / w a t e r  i n t e r f a c e )  a n d  i n  t h e  b u l k  (at a depth 
ct+ a p p r o x i m a t e l y  25 m i c r o n s )  , r e s p e c t i v e l y .  These r e s u l  tc, 
. ron+ i rm t h a t  t h e  e x t e n t  o i  l e a c h i n g ,  r e f z e c t e d  i n  l a s s  of Na t o  
the aqueous p h a s e ,  is l a r g e r  i n  the case of  l e a c h i n g  i n  de-  
i o n i z e d  w a t e r  t h a n  i n  Mg s o l u t i o n s .  NaiMg e x c h a n g e  i n  E x p e r i m e n t  
I3 is n o t  yet l a r g e l y  r e f l e c t e d  i n  t h e  SEM/EDY results a t  a d e p t h  
of 3 m i c r o n s  i n  acrordance w i t h  t t l ~  r e s u l t s  o+ P a r t  I ,  wh ich  show 
I 
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that exchange at such depth is likely to require exposure 
durations longer than 28 days. 
111. Magnetic Susceptibility of Glasses 
A major problem encountered in the production of silicate 
glasses fc?r nuclear wa5,te immobilization is the development of  
reliable methods for controlling the production process to ensure  
that variations in feed stream composition arid in .melting 
conditions remain within a region which permits continuous 
prncesr ing  at a su+ficiently high rate and results in t h e  
production of highly dcirable glasses. Methods of monitoring 
glass production must be adaptable to the examination D f  highly 
radiaactive specimens and should b e  capable of providing data 
w i t h i n  periods af at m o s t  a few hcrurs in nrder to permit adjust- 
ment of feed and melter parameters in time to prevent significant 
deviations from their d e s i r e d  ranges. Two of the most important 
properties which characterize glass production are ~~idation/re- 
duction state and the extent a+ cry5tal +ormation. 
In t h e  present studies, the  dc magnetic susceptibility of  
several glass specimens in t h e  range of interest for nuclear 
waste immobilization was measured by means of a Faraday balance 
technique at Howard Uni verri ty. The major-eiement cumpaE.itisns 
af t h e 5 ~  glasses, together-- with their Fe!II):FeCIIIi ratios 
?"herever available) and extent of devitrification (wherever 
csb-=i~rved! are given in Table 8. The corresponding df l n a g n e t l c  
susceptibilities at various magnetic field intensities are  
plotted against the absolute temperature T in Figs. 9a-q, and 
against' 1/T in F i g s .  1Ea-g. It is observed that the suscepti- 
i 
bility is highest, and shows a relatively weak .temperature 
dependence, in the case of the partially devitrified Glass D. O n  
the other hand, Glass C ,  which ha5 the highest Fe(II):Fe(IIIi 
\ 
ratio, exhibits the lowest susceptibility, which is highly 
dependent of temperature. Magnetic susceptibility measurements, 
which are relatively simple and rapid, and can be carried out mi 
very small amcrunts of 5ample (.f 5 mg), may provide, based on the 
preliminary data obtained so f a r ,  very useful data an t he  
o x i d a t i o n  state a5 well as the extent af crystallization in the 
catwse of nuclear waste glass production. 
Acknowledgements: The aiithors are very grateful t c r  Dr. M. A. 
Adel-Hadadi for analytical assistance and t o  S. G. O l s z o w k a  fo r  
preparing the report. 
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T a b l e  1 ,  
Soda-lime c o m p o s i t i o n  
Pyrex compasi ti on 
SfiL TDS-131 compcrsi t i o n  
NU-205 cornpcrsi t i  on 
w e i g h t  p e r c e n t  
73.1 
15.7 
8.9 
&. 9
0.4 
7 
w e i g h t  p e r c e n t  
81 
2 
4 
0.5 
1 3  
weight p e r c e n t  
43.9 
13.6 
1 2 . 1  
9 .9  
4.5 
a. 7 
2.3 
1.4  
- -  
2.. 1 
7 
w e i  qh t per ren t 
TABLE 2 
Leaching of Soda-Lime Glass i n  Unbuffered Mg Solutions 
Leachant  Leachate  
composition composition 
m g / L  mg/L 
M g  &l Si K 
0.0  0 . 0 0 4  57 .72  2 . 0 5  
1 . 3  0 . 0 0 4  63 .67  2 . 5 4  
4 . 0  0 .036  67 .45  2 . 7 1  
13 0 . 4 6  41 .68  2 . 0 5  
40 31 .55  26 .13  1 . 3 3  
400 399 .6  22.13 1 . 4 5  
N a  
19 .47  
23.09 
25 .45  
2 1 . 3 0  
14 .55  
13 .78  
TABLE 3 
Leaching of Pyrex Glass in Tris-buffered Mg Solutions 
Leachant 
composition 
mg/L 
Mg 
0 . 0  
0.1 
1.0 
10.0 
0.00 
0.07 
0 .80  
10 .06  
Leachate 
compos it i on 
m9/L 
Si K 
13.54  2.29 
1 3 . 1 6  2 .28  
12 .95  2 .26  
9 . 7 0  2 .45  
Na 
2.48  
2 .46  
2 .45  
1 . 8 4  
t 
TABLE 4 
Leaching of Soda-Lime Glass in CAPS-buffered A 1  Solutions 
Leach ant 
composition 
mg/L 
A 1  
0 . 0 0  
0.02  
0 . 0 5  
0.10 
0 . 5 0  
A 1  
0 . 0 7  
0.06 
1 .06  
1 . 2 0  
4.00 
Leachate 
composition 
. w/L 
Si K 
1 5 9 . 1  
146 .7  
27 .75  
2 7 . 6 1  
19 .79  
10. 6 
10.4 
1 . 4 6  
1 . 1 7  
1 . 9 8  
Na 
174 .3  
1 6 6 . 4  
89 .2  
111.5  
9 8 . 8 4  
I 
i 
Table 5 
G1 ass 
None 
----- 
Fused 
q u a r t z  
Fyr ex  
Cornposi tions of Spent Pre-treatment Solutions, mg/L 
Na 0.493 8). 077 
Mg 15. 6 14. E 
N a 1.55 1.36 
Mg 15.5 15.4 
Soda-l i m e  Na 7.96 8.96 
M 3 14- 5 15.3 
SRt- I3 1 
wv-2m 
14.5 13. c, 
I@.  9 12. b 
NS 8.81 8.46 
McJ ?0.2 1 2 . 8  
Table 
C o m p o s i  t i  an5 of DI Water Leachates 
mg/L 
Fused E 
q u a r t z  a1 F -  
Fused E 
q u a r t z  a1 r- . 
Pyrex I3 
Si 
Soda L i m e ,  E 
Si 
Soda L i m e 2  E 
Si 
SRL- 13 lz E 
Si 
wv-2052 E 
Si 
0.as0 
1.51 
0.074 
1.6? 
0.208 
0.330 
0.201 
0.321 
h3. ?33 
1.99 
0.112 
1.98 
8.551 
1.21 
a. 367 
1-19 
0.756 
0.885 
a. a27 
0.?Bb 
6 
of P r e - t r e a t e d  Glass Samples, 
pH 5.5 -_____ 
8.004 
1.51 
0.001 
1.25 
0.880 
0.238 
0.067 
0.105 
0.012 
a. im 
a. 122 
0. 008 
8.375 
0.671 
8.353 
Q. A 0 2  
0.301 
0.550 
0.287 
0.562 
pH 8 . 1  
-----_ 
0.005 
0.486 
0.003 
0.756 
0.049 
0.105 
pi.051 
0.099 
0.024 
0.242 
0.0m 
0.122 
0.363 
0.537 
0.407 
0,661 
0.231 
0.557 
8.281 
0.571 
TABLE 7 
Composi t ions of Leached Glasses by SEM/EDX 
Element C o n c e n t r a t i o n ,  atom % 
Experiment A Expe r i men t B 
No Mg 1.6 mg/L w 
Bulk S u r f a c e  Bulk S u r f a c e  
3u 25u 3u 25u 
Na 6 . 2 3  0 . 8 Q  9 .  06 7 . 6 1  
1 . 1 2  1 . 2 1  
Si 2 5 . 9 5  2 8 . 4 1  2 4 . 3 9  25 .05  
K 0 . 5 8  1 . 0 6  0 . 3 8  0 . 4 8  
C a  2 . 5 9  5 . 1 2  1 .93  2 .28  
0 6 1 . 5 1  63 .88  6 0 . 1 1  6 0 . 8 1  
@ 2 .19  0 . 1 9  3 . 0 1  2 .57  
A 1  0 . 9 5  0 . 5 4  
TABLE 8 
Composit,ons of Glasses for Magnetic Suscep-ibility Studies 
~ Glass 
Si02 
44.1 
44. 6 
44.5 
46.2 
44.0 
45.2 
43.9 
Fe203 
11.5 
11.7 
11.3 
11.7 
11.0 
11.8 
13.6 
R20 
19.5 
20.2 
19.2 
20.1 
20.1 
2 2 . 0  
19.9 
Oxide concentration, wt. % Fe(II)/Fe(III) 
B203 A1203 Wet Moss 
10.0 
9.9 
10.4 
9.9 
10.3 
10.0 
9.9 
6.1 0.03 0.01 
5.5 0.01 0.06 
5.3 0.25 0.39 
3.4 low 
5.3 0.12 0.29 
3.3 low 
3.7 1 ow 
R 2 0  = Total alkali oxides (calculs,ed as Na20 
Fe203 = Total i r o n  oxides (calculated as Fe203) 
Wet = Wet chemical analysis ( 1,10-phenanthroline spectrophotometry 
after dissolution) 
Moss = Mossbauer spectroscopy 
Glass D is partially devitrified, containing approximately 20 vol. % 
of spinel, (Ni, Fe)Fe204 
i 
1541 271 77 0.225 
77 0 . 4  202 
77 0.6 102t; 175 
77 8.8 1519 140 903 
179 1178 69 
8O 1 136 61 
139 641 61 
93 63 1 00 61 60 
883 114 28 
665 86 22 
79 5 1 5 20 
55 19 57 20 19 
42 18 41 19 18 
'77 1.0 154 
77 1.4 
7 '7 2.0 
77 2.7 
' / 7  3.2 
114 103 65 104 61 6 0  
61 
3ma 0.225 1314 209 
300 0.4 147 131 1038 
300 0.6 
300 0. 8 lG15 9W 759 
3063 1.0 96 
30fl  1.4 
300 2.0 68 
3210 2. 7 
300 3.2 18 
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